Abstract: A plasma induced degradation process has been studied to treat 4-nitrotoluene (4-NT) present as an aqueous pollutant. The plasma was locally generated from a glow discharge around a tip of a platinum anode in an electrolytic solution. The influence of initial pH and Fe 2+ on the degradation was examined. Major intermediates resulting from the degradation process were identified. Amongst the aromatic intermediates, p-hydroxybenzoic acid was the predominant degradation product. The formation of oxalic acid, malic acid was also observed. The final products of degradation were NH + 4 , NO − 3 and CO 2 . Based on the analysis of intermediates and the kinetic considerations, the degradation was shown to follow a pseudofirst order reaction hence, a possible reaction pathway was proposed.
Introduction
Large quantities of nitroaromatic compounds are produced each year by the munition industry for use as explosives and by other industries for use as intermediates in the manufacture of dyes, pesticides, and polyurethane foams [1] . Many of these organic compounds including nitrotoluenes, are known or suspected to be human carcinogens, mutagens or toxins [2] [3] . Due to their stability and toxicity to the aquatic microbes [4] , the use of conventional biodegradation processes are not feasible in treating such wastes. As a result, it was desirable to find an efficient and economical technique to dispose them.The application of advanced oxidation technology (AOTs) for treating environmentally persistent wastes has been widely developed recently. The hydroxyl radical that has been proven to be the most powerful oxidizing agent in destruction of pollutants is the moiety responsible for oxidation in the AOT process. Examples of AOTs include: direct ozonation, wet air oxidation (WAO), hydrogen peroxide oxidation, UV photolysis etc. These processes are very effective in degrading the contaminants, but not an economical one [2] . The direct ozonation and wet air oxidation are energy consuming, hydrogen peroxide oxidation is costly and UV photolysis may have a low efficiency. The plasma technologies, especially the discharge in an electrolytic solution, have been shown to be one of the easiest ways to produce hydroxyl radicals in water. Of these technologies, the contact glow discharge electrolysis (CGDE) promises great potential because it doesn't need any special power source or an evacuating system [5] . The primary principle of producing plasma has been extensively reviewed and reported [6] [7] [8] [9] [10] . Tezuka and Iwasaki [5, [11] [12] [13] have studied the CGDE of typical contaminants such as phenols, benzoic acid, chlorophenols and aniline etc. In relation to treatment of wastewater, Gao et al [14] [15] [16] [17] [18] reflected on the factors which influence degradation of α-Naphthol, acridine orange, ochlorophenol, phenanthrene and nitrobenzene by CGDE. Since the mechanism of glow discharge electrolysis (GDE) is similar to that of CGDE [19] , we proposed to design a new reactor based on the principles of GDE and CGDE in which the discharge can take place in the bulk solution. This was to outweigh the shortcomings of the GDE and CGDE procedures such as the need to have a reduced pressure and the poor stability of the electrodes and discharges [5] . In this paper, we chose to work with an important and typical contaminant p-nitrotoluene in a salt solution of sodium sulfate, as a model pollutant to examine the mechanistic aspects and kinetic considerations of its degradation behavior in a direct glow discharge reactor.
Experimental
The experimental apparatus comprises of a high voltage power supply and a reactor vessel. The reactor vessel contains a needle-to-plate electrode geometry system as shown in Fig.1 . The anode from which the discharge was emitted, was made of a pointed platinum wire having a diameter of 0.5 mm sealed into a glass tube which was introduced into the bottom of the Plexiglas cylinder with an inner diameter of 95 mm and length of 250 mm. The cathode was a graphite circular plate with a diameter of 70 mm suspended about 20mm above the anode. The electrolytic solution was prepared by dissolving the reactants in 300 ml of sodium sulfate solution (2g/L) . The reaction cell had an outer water jacket to keep the solution at a constant temperature. The solution was expected to be well mixed due to the heat dissipated from the glow discharge. Therefore, no separate arrangement for mixing the solution was done. The basic experimental conditions are referred to as the "standard conditions" and are to be taken to apply unless otherwise specified. To start the reaction a high voltage, usually of 600 V, was supplied from a DC power source. During the discharge electrolysis, aliquots of the reaction mixture were periodically sampled through the sampling port and analyzed by means of highperformance liquid chromatograph. 
Results and discussion

Degradation
The degradation of 4-NT in aqueous proceeded smoothly when the glow discharge was carried out. Fig.2 shows the plot of degradation of 4-NT as a function of the reaction time at different initial concentrations of the substrate. As shown from the curves, the rate of elimination of 4-NT decreases with increasing concentrations of 4-NT in the starting mixture, while the absolute amount of the pollutant removed underwent the contrary. When the initial concentration of the reactants was 10 −5 M, 98 % of the reactant amount was removed within 60min and the absolute amount was less than 10 −5 mol. If the initial concentration was 2 × 10 −4 M, though the removal rate was only 60 %, the absolute amount attained 1.2 × 10 −4 mol. This can be explained by taking into consideration the scavenging action of 4-NT on hydroxyl radicals. which is the oxidant most responsible in the plasma oxidation and the coupling reaction of hydroxyl radicals. The higher the 4-NT concentration , the lower the concentration of the resulting hydroxyl radical . As a result, the rate of removal of 4-NT was lower at higher initial concentrations of the reactants within the same time.
As the decay curves in Fig.2 appeared to be exponential, an attempt was made to fit the data to the integral rate equation for the first order reaction Eq. (1):
Where c 0 , c, k, tdenoted the initial concentration, the concentration at a given time, the apparent rate constant and the given time respectively. For each set of data, a straightline with good correlation was obtained, as illustrated in Fig.3 . The results demonstrated that the reaction under 200 mg/L was a pseudo-first-order and that k decreased with the increase in initial concentration. 
The effects of the operating parameters 3.2.1 The influence of pH
The pH of wastewater often plays an important role in the wastewater treatment. Here, the initial concentration of reactant was 10 −4 M and the applied voltage was 600 V. The supporting electrolyte was Na 2 SO 4 with a concentration of 2.0 g/L. The initial pH of reaction solution was adjusted with 0.1 M NaOH and H 2 SO 4 to the expected value. Fig.4 shows the effects of initial pH of the solution on the phenol removal. Faster removal was achieved at relatively higher acidity and was a little different for the phenol removal reported previously [20] . This can be attributed to the fact that the oxidative ability of the plasma was stronger in acidic conditions as shown from the observation that the oxidative potential of hydroxyl radical was 2.70 V at pH 3.0 while 2.34 V at pH 9.0and that the nitro group in the 4-NT molecule is easier to be reduced in acidic conditions, making the benzene ring more favorable to be attacked by the hydroxyl radicals [20] . Fig. 4 The phenol removal at different pH.
The effects of the catalysis
It is well known that some transition metal ions can catalyze the degradation of organic substrates in the advanced oxidative processes (AOP) when used with H 2 O 2 , O 2 and ClO 2 and so on as the oxidation reagents. We chose to investigate here, the effect of Fe 2+ . In the experiment, the value of pH was maintained at 2.5 since the catalytic activity of Fe 2+ was found to be better in acidic conditions. The initial concentration of reactant was 10 −4 M and the volume of solution was 300 ml. The elimination rate of the pollutant after 30 minutes of degradation is plotted in Fig.5 . From Fig.5 , it can be seen that Fe 2+ has an evident catalytic effect when its concentration was more than 40 mg/L, and the rate of removal of the pollutant is hardly enhanced further when the concentration of Fe 2+ is over 80 mg/L. Therefore, 60-80 mg/L may be the optimum catalyst concentration under these experimental conditions, which is similar to the value found in the literature [20] . The observations can be rationalized as follows:
In the absence of Fe 2+ , the active species formed in the solution are as mentioned below [17] ,
In the presence of Fe 2+ , the following processes should be considered [14] ,
The above mentioned equations indicate that in the presence of ferrous ions, more free radicals were produced due to the catalysis by Fe 2+ , which, in turn, accelerated the reaction.
Intermediates and degradation pathway
The major aromatic intermediates resulting during 4-NT degradation process included 4-hydroxybenzoic acid, 4-nitrobenzoic acid, 4-aminobenzoic acid, 4-aminotoluene and 4-aminotoluene. The other hydroxylated aromatic intermediates such as 2-methyl-5-nitrophenol, 4-methylphenol and 2-methylcatechol were also detected, but their concentrations were very low to be quantitatively evaluated.
In a system containing hydroxyl radicals, three kinds of reaction can take place: hydrogen abstraction, addition reaction and electron transfer. As can be seen from Fig.4 , the concentration of the substituted benzoic acids amount to almost 90 % of the degradation products. This demonstrates that hydrogen abstraction was the predominant pathway in the system. That is to say, the hydroxyl radical first preferentially attacks the methyl group to produce benzoic acid.
In a 4-NT molecule, the methyl substituent has an electron-donating effect, whereas the nitro substituent has an electron-withdrawing effect. Hence, because of the electrondonating nature of the methyl group the ortho and para positions with respect to the methyl group are susceptible to an OH radical attack,. The position ortho to the methyl group, which is also the position meta to the nitro group, is also susceptible to an OH radical attack because of the electron withdrawing nature of the nitro group. Consequently, the combined effect of these two forces yields 2-methyl-5-nitrophenol as the intermediate. The formation of the intermediate 4-hydroxyltoluene can also be similarly explained, i.e., the methyl group makes the para position susceptible to an OH radical attack, which causes the replacement of the nitro group and consequently forming 4-methylphenol.
However, 4-aminotoluene and 4-aminobenzoic acid were also detected. This was contrary to the reactions in a system containing hydroxyl radicals . This can be explained by the reduction action of the cathode because the GDE process involved normal electrolysis.
Further hydroxylation of aromatic reaction products leads to the cleavage of the aromatic ring resulting in the formation of oxygen-containing aliphatic compounds. Acetic acid and formic acid were detected in considerable amounts during 4-NT degradation.
The final degradation products included NH From the results discussed above, the reaction was rationalized to be proceeding as shown in Scheme 1.
Conclusion
In this study, p-nitrotoluene was chosen as a model contaminant for glow discharge plasma degradation. The pollutant can be effectively degraded in this process. The final products were all inorganic products. According to the proposed model in the degradation process, the degradation was seen to follow the kinetics of a pseudo-first order reaction. Based upon the intermediates detected, it was convincingly shown that the hydroxyl radical preferred to attack the methyl group rather than the benzene ring. The results also confirmed that a normal electrolysis in the degradation was present, which makes it energetically favorable for further degradation.
